The unsteady pressure gradient can cause flow noise in prepressure rising of piston pump, and the fluid shock comes up due to the large pressure difference of the piston chamber and discharge port in valve plate. The flow fluctuation control is the optimization objective in previous study, which cannot ensure the steady pressure gradient. Our study is to stabilize the pressure gradient in prepressure rising and control the pressure of piston chamber approaching to the pressure in discharge port after prepressure rising. The models for nonoil shock and dynamic pressure of piston chamber in prepressure rising are established. The parameters of prepressure rising angle, cross angle, wrap angle of V-groove, vertex angle of V-groove, and opening angle of V-groove were optimized, based on which the pressure of the piston chamber approached the pressure in discharge port after prepressure rising, and the pressure gradient is more steady compared to the original parameters. The max pressure gradient decreased by 70.8% and the flow fluctuation declined by 21.4%, which showed the effectivness of optimization.
Introduction
Axial piston pump is widely used in hydraulic system due to the advantages of high pressure, compact structure, high efficiency, and flow regulation. The flow fluctuation is the inherent characteristic based on the working principle. Flow fluctuation results in pressure fluctuation which affects the pipe vibration [1] . The flow fluctuation control is a significant method to restrain the pipe vibration and flow noise.
Due to the large pressure difference of the oil in piston chamber and discharge port, the oil impulse exists when one piston moves to the discharge port. The pressure of the piston chamber should be increased to the pressure of the discharge port, and then there would be no oil impulse. There are two methods of pressure increasing in advance. (1) The cross angle is set on the valve plate which is nonsymmetrical, and the pressure of the piston chamber can be increased more than that of the symmetrical valve plate; however, the angle of the discharge port is smaller than that of the symmetrical valve plate, which would affect the flow output. (2) Designing an oil way on the valve plate of the prepressure rising region, then the oil can flow backward to the piston chamber. The V-groove and damping hole are two common structures.
References [2] [3] [4] [5] [6] analyzed the pressure distribution on the valve plate, which shows that the max pressure peak exists near the discharge port of the valve plate. On the other hand, the oil pressure in discharge port is much larger than in the suction port, and the maximum flow fluctuation is determined by the valve plate structure near the discharge port.
The structure optimization of valve plate is the main method to control the flow fluctuation of the pump. Reference [7] analyzed the effect of the structure of the valve plate on the pressure fluctuation characteristic and presented a new structure with the damping hole and V-groove. Reference [8] set the dynamic pressure model of the piston chamber and optimized the cross angle and precompressing angle. Reference [9] optimized the damping hole by using rotating vector method, and the value of the flow fluctuation reduced by 40%. Reference [10] analyzed three different types (a constant area slot geometry, a linearly varying slot geometry, and a quadratically varying slot geometry) of the valve plate, and the results showed that the constant area slot had the 2 Mathematical Problems in Engineering advantage of minimizing the required discharge area of the slot, the linearly varying slot had the shortest slot length, and the quadratically varying slot showed the worst performance. Reference [11] designed a new adaptive valve plate to control the flow fluctuation, but the reliability is low. Reference [12] analyzed the effect of the cross angle on the valve plate to the flow fluctuation, and the flow fluctuation decreased based on the optimization of the cross angle.
It is an effective method that the damping groove (hole) and cross angle are optimized to control the flow fluctuation. In previous study, only the parts of the valve plate were optimized; however, the entire structure of the valve plate should be considered. Additionally, the previous optimal objective is to control the flow fluctuation. The pressure gradient in prepressure rising is another significant factor because the flow noise is proportional to the pressure gradient, so the optimizing objective should consider the comprehensive factor of the flow fluctuation and pressure gradient in prepressure rising.
In this paper, Section 2 illustrated the optimal models of cross angle and close angle of pressure rising which can avoid the oil shock. Section 3 showed the dynamic pressure gradient model of piston in a period. Section 4 showed the pressure gradient variation with different cross angles, close angles, wrap angles of V-groove, opening angles of V-groove, and vertical angles of V-groove. Section 5 illustrated the optimization of five angles using particle swarm optimization (PSO) algorithm to make the pressure gradient in prepressure rising steadiness.
The Model for Nonoil Shock
The oil is compressed after piston passes the upper point. Generally, the pressure in piston chamber is lower than that of the discharge port before the piston chamber moves to the Vgroove or damping hole, so the oil in the discharge port would flow back to the piston chamber. It results in the variation of the pressure in piston chamber. Figure 1 shows the cutaway view of the piston pump and the structure of the valve plate.
Suppose the pressure in piston chamber when the piston chamber is on the upper point, the pressure in discharge port , so the variation of the pressure in piston chamber Δ in prepressure rising is
The increment equation is
where is the volume modulus of the oil, Δ 1 is the volume from the discharge port to the piston chamber in prepressure rising, Δ 2 is the variation in compressing process of the oil in piston chamber, 0 is the initial volume of piston chamber at upper point, is the rotational speed of the piston pump, Δ is the wrap angle of the V-groove, Δ is the cross angle of the valve plate, is the area of the piston, is the radius of the distribution circle of the pistons, is the swashplate angle, and is the variable angle of the piston moves.
Substitute (4) and (5) to (2), then
where 0 is the volume of dead zone in piston chamber and is the swashplate angle under full flow of the piston pump. Generally, the angle of Δ − 0 /2 is no more than 3 ∘ , so
where = 0 /2 tg . Reference [13] illustrated the equations under non-oil shock condition.
(1) Full flow ( = ): the pressure of the piston chamber increases based on the volume compressing of piston chamber and oil flowing back from the discharge port to the piston chamber:
(2) Zero flow ( = 0): the pressure of the piston chamber increases only based on the oil flowing back from the discharge port to the piston chamber:
There is no oil shock under zero flow condition, so if (8) equals (9), there is no oil shock under full flow condition; then,
Equation (8) can be changed to (11):
Substitute (10) to (11); then,
Mathematical Problems in Engineering As we can see from (12) , the oil shock can be avoided under the relation between Δ and 0 . Additionally, (12) cannot guarantee the steady pressure gradient, so the dynamic pressure gradient of the piston chamber should be obtained, based on which the parameters of the valve plate can be optimized to get the steady pressure gradient.
Dynamic Pressure Gradient Model of Piston Chamber
There are three stages when the piston chamber moves out from the suction port to the discharge port.
As we can see from Figure 2 , the three stages of piston chamber are as follows.
Stage 1.
Prepressure rising (the volume compressing of piston chamber); the piston chamber moves out from the suction port to the vertex of V-groove.
Stage 2. Prepressure rising (the volume compressing of piston chamber and the oil flow back to the piston chamber); the piston chamber moves to the location when the pressure of the piston chamber equals the pressure of the discharge port.
Stage 3.
Oil discharge of the piston chamber; the piston chamber moves to the top location of the discharge port:
where is the pressure of the piston chamber, is the angle of the piston chamber moves, is the volume modulus of the oil, is the area of the piston, is the rotational speed of the piston pump, is the swashplate angle, Δ is the cross angle of the valve plate, 0 is the close angle, is the coefficient of leakage, is the flow coefficient, 0 is the oil-transit area of the V-groove, is the pressure of the discharge port, 0 is the initial volume of piston chamber at upper point, 1 is the opening angle of the V-groove, and 2 is the vertical angle of the V-groove.
Simulation of the Dynamic Pressure of the Piston Chamber
The original parameters of the piston pump are shown in Table 1 . Mathematical Problems in Engineering According to (13) and Table 1 , the pressure variation of the piston chamber is shown in Figure 3 .
As we can see Figure 3 , the pressure variation starts from Stage 2 due to 0 = Δ , the pressure rising is due to the volume compressing of piston chamber and the oil flow back to the piston chamber, and the pressure gradient increases with the rotational angle increasing. The piston chamber starts to discharge oil when the pressure increases to 20 MPa, and the pressure gradient begins to decline. The pressure is 26 MPa when the rotation angle is 12 ∘ , so there is an oil shock when the piston chamber moves to the discharge port.
The close angle 0 , cross angle Δ , wrap angle of V-groove Δ , opening angle of V-groove 1 , and vertex angle 2 play important roles in the pressure of the piston chamber, and the five angles should be analyzed.
The Effect of Close Angle on Pressure Gradient of the Piston
Chamber. As we can see from Figure 4 , there are about 3 kinds of 0 for volume expansion of the piston chamber when the close angle is 15 ∘ , and the pressure of the piston chamber decreases from 2 MPa to 0.35 MPa. The piston chamber starts to compress when it leaves the suction port when the close angle is 10 ∘ or 12 ∘ . The oil is discharged from the V-groove when the pressure of the piston chamber is 20 MPa; then, the pressure gradient began to decrease. The turning point is 8.48 ∘ , 9.05 ∘ , and 10.31 ∘ for 0 = 10 ∘ , 0 = 12 ∘ , and 0 = 15 ∘ .
The Effect of Angle of the V-Groove on Pressure Gradient of the Piston
Chamber. Figure 5 shows pressure variation of the piston chamber with different open angles of V-groove when 0 = 12 ∘ . The pressure gradient continues to increase when 1 = 20 ∘ , 2 = 60 ∘ , and there is little oil passed from the V-groove. The oil flowing back to the piston chamber increases when the open angle of the V-groove increases, and the pressure gradient of the piston chamber increases faster. However, the pressure gradient of the piston chamber with lager open angle has rapid decrease when the pressure of the piston chamber is more than 20 MPa.
The Effect of Cross Angle on Pressure Gradient of the Piston
Chamber. As we can see from Figure 6 , the compressing area increases along with the cross angle increasing, so the pressure also increases faster with the cross angle increasing. In contrast, the volume of piston chamber would increase, and the pressure would decrease in initial phase when the cross angle is small.
The Effect of Wrap Angle of the V-Groove on Pressure
Gradient of the Piston Chamber. As we can see from Figure 7 , the pressure gradient when Δ = 14 ∘ is the largest of the three angles in initial phase because the oil flows back to the piston chamber when the piston just moves out from the suction port; in contrast, the pressure gradient is the least when Δ = 8 ∘ at the initial phase. The pressure gradient decreases the fastest when Δ = 14 ∘ after the pressure of the piston chamber exceeds 20 MPa due to the largest area of oil passing from the V-groove; in contrast, the pressure gradient when Δ = 8 ∘ is the largest after the pressure of the piston chamber exceeds 20 MPa.
Parameter Optimization of the Valve Plate Based on the Steady Dynamic Pressure Gradient

Ideal steady Dynamic Pressure Gradient.
As we can see from Figure 3 , the pressure is 26 MPa, which is much more than the pressure in the discharge part, so there exists a large oil shock when the piston moves to the discharge port under the original parameters of the valve plate; on the other hand, the maximum pressure gradient is 6.5 times more than the minimum pressure gradient, which would increase the noise. The ideal dynamic pressure should be nearly steady and the pressure of the piston chamber should be up to the pressure of the discharge port when the piston moves to the discharge port.
Particle Swarm Optimization (PSO)
Algorithm. PSO algorithm was proposed by Kennedy and Eberhart in 1997 [14] . The basic premise is that a group of random particles are initialized; then, in each generation, the local best point of each particle is obtained by comparing the fitness value with early generations and the global best point is obtained compared with each local best point; all particles update their velocities and locations based on (15)
where V is the velocity of particle in generation , is the location of particle in generation , 1 , and 2 are learning factors, rand 1 , rand 2 are random within [0, 1], is the local best point of particle in generation , and is the global best point in generation .
Parameter Optimization of the Valve Plate Based on PSO.
The optimal objective is to avoid the oil shock and make the pressure gradient steady. As we know, the oil shock could be avoided based on (12); meanwhile, to make the pressure gradient steady, the objective function is
where is the objective function, is the pressure of the discharge port, 0 is the initial pressure of the piston chamber when the piston moves out from the suction port, 0 is the close angle, and is the pressure variation of the piston chamber.
As we can see from (16), the integral of difference between the ideal pressure and actual pressure of the piston chamber is the area of the two pressure curves in the close angle, and the pressure gradient could be nearly steady. The close angle 0 , cross angle Δ , wrap angle of V-groove Δ , opening angle of V-groove 1 , and vertex angle 2 should be optimized. Figure 8 shows the flow chart of the parameter optimization based on the PSO.
The pressure of the piston chamber under original parameters and optimal parameters based on PSO is shown in Figure 9 .
As we can see from Figure 9 , the ideal pressure of the piston is steady from the initial pressure to the pressure of the discharge port. The close angle 0 is 12.46 ∘ , cross angle Δ is 3.4
∘ , wrap angle of V-groove Δ is 13.58 ∘ , opening angle of V-groove 1 is 25.34 ∘ , and vertex angle 2 is 78.52 ∘ . The maximum pressure gradient is only 1.9 times more than the minimum pressure gradient after optimization, which decreases by 70.8% compared to the original parameters.
Comparison of Flow Fluctuation before and after Optimization.
Flow fluctuation should be calculated after optimization, and the variation process of the pump flow is shown in Figure 10 . 
Stage 2. The fifth piston chamber departs from the discharge port from the end of Stage 1 
where = / , is the number of pistons. 
where is the flow fluctuation, max is the maximum flow value, min is the minimum flow value, and is the mean flow value.
As we can see from Figure 11 , the flow fluctuation is 4.67% under the original parameters; in contrast, the flow fluctuation is 3.67% under the optimized parameters, which declines by 21.4%. The effectiveness of the parameters optimization of the valve plate can be concluded.
Experiments
The analysis results obtained from this paper are verified by real pump flow fluctuation experiments. The verification experiment devices are illustrated in Figure 12 .
Before optimization, experiment with original valve plate is carried out and results are showed as follows.
It can be seen from Figure 13 that the flow fluctuation is 5.21% under the original parameters. Then, the design parameters of valve plate are optimized, and the experiment results with optimized valve plate are shown in Figure 14 .
It can be seen from Figure 14 that the flow fluctuation is 4.22% under the optimized parameters, which declines by 19% compared with original valve plate. Although flow fluctuation decreasing effect is less than the value of the theoretical analysis due to machining errors, the optimization method proposed in this paper is proven to be effective and feasible in hydraulic pump engineering design. 
Conclusion
(1) The oil shock can be avoided under the relation between Δ and 0 ; then, the effect of the close angle 0 , cross angle Δ , wrap angle of V-groove Δ , opening angle of V-groove 1 , and vertex angle 2 on the pressure gradient of the piston chamber is analyzed. The maximum pressure gradient is only 1.9 times more than the minimum pressure gradient after optimization, which decreases by 70.8% compared to the original parameters. On the other hand, the flow fluctuation decreases by 21.4% after the optimization.
